Plant miRNA levels in soybean and rice were measured during storage, processing, 39 cooking, and early digestion using real-time PCR. We have demonstrated for the first 40 time that storage, processing, and cooking does not abolish the plant miRNAs 41 present in the foodstuffs. In addition, utilizing a simulated human digestion system 42 revealed significant plant miRNA bioavailability after early stage digestion for 75 min. 43
To date, published reports use animal models or human volunteers to detect 79 exogenous miRNAs in serum to test their survivability in the digestive system and 80 their potential for cross-kingdom gene regulation [7, 8, 11] . Such in vivo studies face 81 significant challenges in overcoming extra levels of complexity and variables, which 82 may impact on achieving good experimental design [10] . To avoid these 83 complications, we conducted a series of studies on plant miRNAs from highly 84 consumed crops such as soybean and rice using a more defined experimental 85 approach. The levels of plant miRNAs were determined before their digestion i.e. 86 from raw, processed and cooked plant materials. In addition, to examine what 87 happens to the miRNA profiles while they are in a digestive system, we utilized a 88 more unbiased and controlled process of investigation by using a simulated 89 digestion system. This is the first report of an in vitro study on dietary miRNA to 90 reveal insight on miRNA survivability both prior to and during digestion. 91 92
Materials and methods 93

Processing and cooking of soybean and rice
94
Pre-packed EU-originating dried raw soybean (Glycine max) and brown rice (Oryza 95 sativa) of regular consumer standard was stored at room temperature until used. A 96 modified protocol with an extended boiling duration based on a standard cooking 97 method developed by the National Soybean Research Laboratory was followed to 98 cook soybean [12] . For this study, the cooking time of soybean was extended to 80 99 mins in order to get a softer cooked bean which might be more acceptable to an 100 average human consumer. A typical adult intake of soybean or rice per serving was 101 used for the experiments. Twenty g of soybeans were soaked in 150mL RNase-free 102 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Biosystems states that the TaqMan gma-miR166a, gma-miR167a, and gma-miR168a 171 assays will detect these miRNAs in a number of plants species including soybean 172 and rice. The 20 µl reaction mixture contained 1.33 µl stem loop cDNA, 2X Luminaris 173
Color Probe high ROX qPCR master mix (Thermo Scientific, Loughborough, UK) and 174 1X TaqMan Small RNA assay containing the respective primers and probes. The 175 assay reactions were incubated at 50ºC for 2 min and 95ºC for 10 min, followed by 176 40 cycles of 95ºC for 15 seconds and 60ºC for 1 min in a StepOnePlus RT-PCR 177 system (Applied Biosystems, Paisley, UK) as per manufacturer's instructions. 178 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Ebersberg, Germany) [19] . In addition, lin-4 was also used as a negative control 183 where the lin-4 assay was used to highlight any non-specific amplification in the total 184 RNA from processed plant samples. 185 186 2.7 Analysis of mRNA integrity
187
The mRNA levels in the soybean seeds at various stages of treatment were 188 assessed using the soybean GMpm16 transcript coding for LEA protein [20] . The 189 total RNA from various samples was used as a template for cDNA synthesis and the 190 reaction was carried out using a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 the specificity of the miRNA assays for the precise detection of intact molecules from 226 samples which are degraded at varied levels was confirmed. For heat treatment, 227 concept. The novelty of the current study is the emphasis on examining the 254 bioavailability of plant miRNAs both prior to ingestion due to the processing and 255 cooking of the plant materials and also while they are in the gut rather than the more 256 complex, standard methodology of bypassing these stages and examining the 257 miRNA levels further downstream in the serum of experimental subjects typical of in 258 vivo studies. In addition, this study aims to help clarify the common uncertainty, 259 pointed out in a recent report [10] , as to whether plant-based miRNAs are uniquely 260 protected against degradation during food processing and digestion. 261 an integrity assessment of the total RNA isolated from soybean returned a good RNA 282
Quality Index (RQI) of 8 ( Figure 1A ). After RNA extraction and stem-loop qRT-PCR, 283 miR166, miR167, and miR168 were found in substantially high levels in soybean and 284 rice at the storage, processing, and cooking stages ( Figure 1B ). qRT-PCR 285 amplification of soybean RNA found the highest level for miR167, whereas miR166 286 showed slightly lower levels than that of miR167, while miR168 showed the least 287 level ( Figure 1B 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 13 found at the highest level, whereas miR167 was slightly lower level than miR166 303 while miR168 showed the least levels, (Figure 2 ). The raw rice was cooked directly 304 without any prior treatment and showed a slightly diminished level of miRNA than the 305 uncooked material, whereas the retained cooked water into which the miRNA was 306 possibly released showed high levels comparable to that of raw rice (Figure 2) . The 307 cooked water had the highest level of miR167, whereas mi166 was found at higher 308 levels than miR167 in all of the other rice samples ( Different species have anatomical and physiological characteristics that must be 324 considered when utilizing animal models for ingesting plant materials and evaluating 325 their serum for exogenous miRNAs [26] [27] [28] . The use of animal models may require 326 complex experimental design which despite of efforts may still yield compromised 327 [8, 28] . In order to circumvent such experimental challenges we made use of 328 a drug dissolution tester as a simulated digestion system. Drug dissolution testers 329 are routinely used with highly defined simulated gastric and intestinal fluids by 330 pharmaceutical companies around the world in drug release profiling. These 331 simulated gut systems are designed to provide a strong approximation to the 332 chemical and physical parameters of the human gastric environment to reduce 333 human participation in drug delivery studies [15] . By regarding the plant material in 334 this study as an ingested nutraceutical substance, we made use of the drug 335 dissolution tester in its industrial role to examine the release and stability of plant-336 derived miRNAs under the physiological conditions of a human stomach. 337
338
Even though small 1-3 Cq increases (1.6-10 fold decreases) in measured miRNA 339 levels were observed when cooked soybean and rice was transferred to the digestion 340 system, no significant time-dependent variation in the levels of the assayed miRNAs 341 was observed during the 75 minute incubation in the simulated digestion process 342 ( Figures 3A and B) . Interestingly, miR168 in soybean and miR166 in rice appeared to 343 show a slightly greater resistance to degradation suggested by their levels unlike the 344 other miRNAs assayed ( Figure 3A and B). As there are no sequence differences 345 between the soybean and rice miRNAs examined in this study, this finding might 346 suggest that there may be plant species-specific mechanisms in play, such as their 347 matrix, which may offer varying protection of miRNAs from degradation.. 348
349
The plant miRNAs copy number per milligram of soybean samples at different stages 350 during the series of treatment was calculated using a cel-lin-4 standard curve in a 351
TaqMan miRNA assay [19] . Confirmation of the specificity of the TaqMan miRNA 352 The miRNAs assayed in soybean all followed their rank order as previously 357 determined [9] . miR167 reported the highest copy number in soybean and it 358 maintained its top position throughout the series of treatments while miR166 showed 359 a relatively lower level and miR168 the lowest levels of the miRNAs measured 360 (Table.1 ). All three plant miRNAs showed the highest copy numbers in the cooked 361 beans, with second highest levels in the soaked beans. The chemical treatment 362
(NaHCO 3 ) during soaking and boiling of the material weakens the cell wall structure 363 of the plant material, which facilitated an improved extraction and recovery of these 364 small RNAs. Cooking of the plant material also releases large amounts of small RNA 365 molecules into the water in which the material was cooked. This may be beneficial 366 where one may wish to process food to reduce the amount of plant-derived miRNAs 367 consumed. Food preparation that encourages a rapid breakdown of the plant 368 material could promote an enhanced release of plant-derived miRNAs during the 369 early stages of digestion. Therefore, drawing parallels with drug release kinetics, the 370 process and timelines of miRNA release and absorption in digestive systems may 371 differ due to the way plant materials are prepared for consumption. 372
373
Our in vitro digestion study showed consistent miRNA survivability during the early 374 stages of digestion for over an hour. This work lends support to a recent in silico 375 study which postulates that plant-derived miRNAs survive degradation in the 376 digestive system in quantities sufficient to make it to the serum and access organs 377 Figure 4B ) clearly shows the 398 detrimental effect of food processing on total RNA integrity. To analyse the 399 comparative levels of a messenger RNA during the stages prior to ingestion of the 400 diet, we chose a soybean LEA transcript present in the bean which codes for LEA 401 protein GMpm16 [20] . When mRNA levels are assessed by RT-qPCR, the raw 402 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w Figure 1 . The miRNA levels in soybean during a series of experimental stages. 1A. Total RNA Experion profile of the raw soybean seeds showing good quality of the RNA extract with an RQI of 8. 1B. The levels of soybean miRNAs in raw, soaked, and cooked beans along with those levels of miRNAs released in the RNase-free water used for soaking and cooking show significant difference (p<0.05) between each group, based on ANOVA and post-hoc testing. The lower the Cq value, the higher the miRNA levels. ⃰ denotes that the miRNA levels in the soaked bean, cooked bean, and cooked water are significantly higher (p<0.05) than the raw bean control. 180x240mm (300 x 300 DPI) Page 27 of 32 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w Figure 2 . The levels of miRNAs in raw rice and cooked rice along with those levels of miRNAs released into the RNase-free water used for cooking show significant difference (p<0.05), between each group. The lower the Cq value, the higher the miRNA levels. ⃰ denotes that Osa-miR166 and 167 levels in rice are significantly high (p<0.05) in raw rice control compared to the treated groups based on ANOVA and post-hoc testing. 180x240mm (300 x 300 DPI) Figure 3 . The miRNA levels in food materials during early digestion. 3A. The miRNA levels of soybean in the simulated digestion system from cooked material (0 min) until 75 min of digestion. miR167 and miR166 show consistent levels from 15 min until 75 min of early digestion and significantly high Cq values throughout early digestion for 75 min compared to the respective values at 0 min time point. The miR168 levels show insignificant difference at each time point in the simulated digestion system compared to 0 min. 3B. miRNA levels in rice in cooked rice throughout the early digestion for 75 min in the simulated gut. miR167 shows significantly high Cq values during digestion process compared to that at 0 min. miR166 shows significantly low Cq value at 45 min time point during digestion and miR168 shows significant rise in Cq values at 15, 45 and 75 min time points. Sampling and analysis were carried out three independent times (n = 3), and error bars on each column, reflect SEM.Sampling and analysis were carried out three independent times (n = 3), and error bars on each column, reflect SEM. The lower the Cq value, the higher the miRNA levels. 180x240mm (300 x 300 DPI) Figure 4 . RNA integrity and levels in processed soybean samples. 4A. Total RNA profile of the soaked soybean. 4B. Total RNA profile of the cooked soybean. 4C. LEA mRNA transcript levels in soybean which had undergone a series of treatments along with control raw bean sample. The lower the Cq the higher the LEA mRNA level. ⃰ denotes that the control raw bean has the highest LEA mRNA level (p<0.05) compared to the bean samples which had undergone various treatments, based on one-way ANOVA and post-hoc testing. Sampling and analysis were done three independent times (n = 3), and error bars on each column, reflect SEM. 180x240mm (300 x 300 DPI) Page 31 of 32 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The lower the Cq the higher the miRNA levels. ⃰ denotes that the cel-lin-4 levels in the treated samples are significantly (p<0.05) lower than the untreated cel-lin-4 level. Sampling and analysis were carried out three independent times (n = 3), and error bars on each column, reflect SEM. 180x240mm (300 x 300 DPI) Figure 6 . Comparison of heat and RNase treatments on synthetic miRNA. RNase treatment had significantly (p<0.05) higher rate of degradation than heat treatment on synthetic miRNA molecules. The lower the Cq the higher the miRNA levels are. ⃰ denotes that Boiling and RNase treatments on the synthetic cel-lin4 miRNA shows the significant difference (p<0.05) in the degree of degradation while the control Lin-4 remain intact.
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